I. INTRODUCTION
The polymer brushes (set of macromolecules grafted on a surface) found a numerous practical applications in many important technical fields, such as colloidal stabilization, drug delivery, and biomaterials. 1, 2 Depending on the molecular weight of the end-grafted macromolecules and the density of the grafting sites, these polymers are more or less stretched perpendicularly to the grafting surface. 3, 4 With a variation of an external stimuli (solvent quality and temperature), polymer brushes could undergo the transition from a homogeneous polymer layer, in which all macromolecules of the layer are extended and are maximally exposed to the solvent (brush mode), to the state in which the chains aggregate into mushroom micelles particularly distributed over the surface (the mushroom-micelle mode). It allows controlling effectively the surface properties; for example, adsorption can be "switched on" and "switched off", and makes the polymer brush to be particularly useful to change promptly the surface properties during operation of the system.
At moderate grafting density, grafted polymers in a poor solvent were studied by numerical methods and the scaling theory was also developed. 5 All approaches predicted the formation of such morphologies as an inverted solvent micelle or hole in the polymer layer, a lamella-like micelle structure, and fused spherical micelle structures. Experimentally, only single end-grafted chains and fused micelles were detected by scanning force microscopy at low and moderate grafting densities; 6 besides, the formation of semi-continuous dimples a) Author to whom correspondence should be addressed. Electronic mail: vvvas@polly.phys.msu.ru was observed when end-functionalized polystyrene molecules were adsorbed in poor-solvent conditions. The diblock copolymer brushes consisting of two A and B incompatible components exhibit phase separation with the formation of more types of mesophase morphologies. [7] [8] [9] [10] [11] [12] [13] [14] [15] Experimental, computer-aided, and theoretical studies showed that mesophase ordering depends on the surface grafting density of the polymer chains, the relative length of each of the blocks and the energy of A and B interaction with the solvent and with each other. In case of compatible A and B components in poor solvent at relatively low grafting density, the resulting structures have a core of less soluble blocks, the shape of which is determined by the block length ratio. Two types of structures were distinguished in Ref. 16 : the micelles in which the spherical core of the less soluble block is enveloped by the spherical shell of a more soluble block (the authors called them onion-like micelles) and the micelles composed of a few cores uniformly enveloped by a layer of a more soluble block (they were referred to as garlic-like micelles). In case of the solvent which is poor for the block directly grafted to the surface and is good for the outer block, the resulting micelles have a "flowerlike" structure composed of a few chains with a hydrophobic core and hydrophilic petals exposed to the solvent. 17 If one of the blocks possesses a preferential interaction with the solvent, the brush self-assembles so that the more soluble block is in a greater contact with the solvent. 18 If the solvent is good for the inner block (grafted onto the surface) and poor for the outside block, the inner blocks are exposed to the solvent and the outside blocks form a structure whose morphology depends on the grafting density and block length. Calculations showed that, as the grafting density and length of macromolecules increase, one can observe a series of transition: spherical micelle-stripes-perforated lamella-continuous layer of outer block on the surface of the film. [19] [20] [21] In dense copolymer brushes with incompatible A and B blocks, 22, 23 layering phase separation could be observed: a structure of three layers with different concentrations of monomer units A and B is formed. In the case of strong AB incompatibility, the blocks are almost completely separated and a well-defined thin interface between the inner and outer block appears. The outer blocks are "grafted" on this interface with the randomly distributed grafting points which "move" effectively along the surface. 24 In nonselective solvents, the dense AB brushes could form various perpendicularly oriented domains called "golf holes", "gullies", "ridges", and "stalactites". 25 Self-assembly in homopolymer brushes with the formation of strands perpendicular to the grafting surface is predicted theoretically for the case of dimer solvent molecules (surfactant). 26 The difference in the interaction energies of two parts of surfactant molecule with polymers leads to the possibility of spatial separation of polymer and surfactant in the brush.
In this paper, we consider self-organization of brush of macromolecules being amphiphilic on the level of individual monomer units, in the meaning that each monomer unit contains both hydrophobic and hydrophilic groups. The duality of the monomer units results in their simultaneous affinity and incompatibility with both polar and organic solvents. In a mixture of incompatible hydrophobic and hydrophilic solvents, such monomer units prefer to be located at the interface rather than in the bulk of one of the solvents. [27] [28] [29] The classification of monomer units with respect to this feature was introduced in Refs. 28 and 29, and a simple model was suggested in Ref. 30 , where individual monomer units were considered to be dumbbells consisting of hydrophobic H and hydrophilic P beads, linked by a fixed-length bond.
Computer simulations showed that amphiphilicity at the level of individual monomer units leads to dramatic complication and enrichment of the set of possible conformational transitions, compared to that of ordinary homopolymer macromolecules. [30] [31] [32] [33] [34] [35] The globules of such macromolecules have a complex core-shell structure: the interiors consist of hydrophobic units, while the outer shell is composed of hydrophilic units. In semidilute solution, the amphiphilic flexible macromolecules condense into individual soluble globules 31 while the rigid macromolecules tend to aggregate with formation of braid fibril-like complexes 36 or bundle aggregates of a few chains. 37 In both cases, the hydrophobic backbones of the chains intertwine and form a core, whereas hydrophilic groups are located on the surface. The hydrophilic shell prevents the bundle aggregation and favors the parallel location of the bundles in concentrated solution. 37 The phase diagram for the melt of copolymers with an amphiphilic block can be significantly different from that known for the conventional diblocks. 38, 39 In the limit of significant amphiphilicity (surface activity), the resulting morphology corresponds to thin channels and slits of amphiphilic units penetrating through the matrix of a majority non-polar component. The voids are found to concentrate on the interfaces and to perform crystalline-like ordering in case of significant amphiphilicity of units. 40 The theoretical study 41, 42 of morphological states of macromolecules with amphiphilic monomer units shows that the crucial factor stabilizing the shape of macromolecules in a condensed globular state is the surface tension decrease due to the polar group orientation towards the external solution.
It is worthwhile to propose that the high surface activity of monomer units could favor the specific phase ordering in the polymer brushes. This paper addresses the self-organization of polymer brushes with amphiphilic monomer units as function of solvent quality and grafting density. The further presentation is organized as follows. Section II, the model of the neutral polymer brush with an amphiphilic monomer units and molecular dynamic simulation routine are described. In Sec. III the results of simulation are listed and discussed. Section IV presents a theoretical model and data. In the Conclusion, results are summarized.
II. THE MODEL AND SIMULATION TECHNIQUE
We consider polymer brush of amphiphilic macromolecules grafted onto a flat surface. According to the main objective of the study, the macromolecule is comprised of amphiphilic monomer units represented as "dumbbells" consisting of two beads: a solvophilic A unit and a solvophobic B unit. The dumbbells form an AB polymer with a backbone of N solvophilic A beads connected in a linear fashion and N solvophobic B beads attached to the backbone, as shown in Figure 1 .
The polymer layer examined in this study is composed of m macromolecules with length N grafted at regular intervals onto a planar impermeable surface XY at the sites of a square lattice with edge d. The grafting density is 1/d 2 , where d 2 is the area per macromolecule. The polymer layer is immersed in a bath with selective solvent which is poor for B beads and good for A beads.
In the numerical simulations, we adapted a continuum space model. The temporal evolution of the system was found by solving a system of Newton equations via the molecular dynamics (MD) technique with the LAMMPS software package. 43 We used the simulation resources of the Supercomputing Center of Lomonosov Moscow State University. 44 In MD simulation, the excluded volume between any two beads is interpreted in terms of a repulsion potential of the Lennard-Jones type,
where r i j is the distance between the ith and jth monomer units, r c = 1/6 √ 2σ is the cut-off distance. The parameter ε governs the strength of interaction and controls an energy scale, whereas σ defines a length scale. We assume that σ = ε = 1 for all interactions. All of our results are therefore reported in terms of these natural units.
For simplicity, we assume that there is no interaction between A units except that corresponding to excluded-volume potential (1) . The hydrophobic interaction of side-beads B is modeled by a Yukawa-type potential,
In this equation, r cut is the cut-off distance (r cut = 4σ), κ = 1.2 is the inverse screening length, and ε B B denotes the characteristic energy of B-B interactions. The characteristic energy ε BB is negative and varies in course of experiment (ε B B < 0). It must be emphasized that the potential (2) is, of course, only a prototype of a realistic potential. However, numerous computer modeling of polymer systems shows that the equilibrium properties of macromolecular systems do not depend on the exact form of the potentials but depend on well depth ε BB and radius of interaction r cut . The decrease of energetic parameter ε B B (increase of attractive interaction between side groups B) induces effective worsening of solvent quality.
The solvent quality was characterized by χ parameter being combination of second virial coefficients of paired A-A, A-B, and B-B interactions, 45, 46 
where υ is the effective volume of monomer unit, and v
In the case under consideration, υ ≡ v
∼ 2.14. The χ parameter represents the kind of interactions parameter used in simple lattice systems such as in Flory-Huggins theory 45, 46 and characterizes solvent quality in an integral manner.
The bonds within a given macromolecule are constrained via a finite extensible nonlinear elastic (FENE) potential,
where r is the distance between connected beads, K = 30 is a coefficient that reflects the rigidity of the bond, R 0 = 1.5 is the maximum bond length. An equilibrium bond length a is determined by interplay of elastic (6) and excluded volume (1) interactions. It is found that a is approximately equal to a = 1.2, and for the characteristic ratio υ/a 3 , we have the following estimation: υ/a 3 ≈ 1.24. The impermeability of the surface was described as a steric interaction between beads and surface via a truncated 9-3 Lennard-Jones potential,
where r is distance between monomer units and surface, ε s is a parameter that characterizes the energy of interaction, r cut = 6 √ 2/5σ is cut-off distance. In our calculation, we propose that the parameter ε s is the same for A and B beads and is equal to ε s = 2ε.
To take into account the fact that the system is in contact with a thermostat at temperature T (T = ε/k B , where k B is the Boltzmann constant), the motion equations were supplemented with a term that described friction and the Langevin uncorrelated noise term R i , which is related to the viscosity of the solvent through the fluctuation dissipation theorem, 49 ⟨R (1)) which relate to the bond length as a = 1.2σ. The total number of grafted macromolecules in all experiments performed was equal to m = 400. The protocol for the simulation was as follows. In the initial configuration, the polymer chains were put on the XY plane at the sites of a square lattice with the edge d and then extended in the direction of the z axis ( Fig. 1(b) ). The Flory-Huggins interaction parameter χ was varied from 0.57 to 5.7 with a step ∆ χ = 0.2. At χ = 0.57 (ideal solvent) the chains were uniformly distributed over the cell; with an increase in the energy ε, they aggregated into clusters. At each value of χ parameter, the computation was performed for 2 × 10 6 integration steps. Within the first 1 × 10 6 steps, the system underwent equilibration. The selected duration of initial computations was sufficient for the relaxation of the system to the equilibrium, i.e., non-dependent on time, mean values of total energy, radius of gyration of macromolecules, and other calculated characteristics. During the rest of the simulation time (1 × 10 6 ), the observed values were averaged to obtain their mean values and mean-square deviation. For each set of parameters a and χ, we performed visual analysis and determined the distributions of aggregates with respect to the number of chains contained in them M, the mean aggregation number ⟨M⟩, the distribution ρ i (i = A, B) of A and B beads over distance z to the grafting plane, also the fraction f S of surface being covered by polymer was estimated and surface relief was constructed.
III. RESULTS
Depending on the density of grafting of macromolecules, we had distinguished three characteristic regimes: regime of ultra-thin micelles at low grafting d ≥ d 0 , of over-built bilayer micelles at dense grafting at d Figure 2 shows the snapshots of the simulation cell at different solvent quality χ. At relatively good solvent ( χ = 0.57), the polymer chains form homogeneous layer on the surface (Figure 2(a) ). Worsening solvent quality (increase of χ) leads to the aggregation of macromolecules into clusters (Figure 2(b) ). In poor solvent, the macromolecules form micelles (Figures 2(c) and 2(d) ). The aggregates have a flattened shape of "spiders" with protruding "legs," or parts of individual chains, which extend from the grafting points to the micelle core (Figures 2(c) and 2(d) ). One can see that with worsening solvent quality the "spider body" becomes narrow and spread over the surface. The micelle core in poor solvent could be considered as bilayer with inner part composed of attractive B beads. A beads are situated on the surface below and above BB layer. The micelle core thickness is approximately twice the size of amphiphilic monomer units which was confirmed quantitatively by calculations of the distribution of beads A and B over distance z from grafting surface (results are shown and discussed below).
To characterize the aggregation process quantitatively, we have calculated the aggregation number M and fraction f S of covered surface.
The aggregation number M was defined as a number of macromolecules belonging to the cluster. Two macromolecules are part of the cluster if at least two beads of different macromolecules are on a distance less than 1.5. The aggregation number M was averaged over the cell and over different realizations. The dependences of average aggregation number ⟨M⟩ on solvent quality χ are shown in Figure 3 . One can see that the aggregation number ⟨M⟩ increases with the increase of grafting density both in good and in poor solvent. ⟨M⟩ grows with worsening of solvent quality monotonically in case of low (d > 10) and high (d < 5) grafting density. In intermediate case (5 < d < 10), the average aggregation number ⟨M⟩ is a non-monotonic function of solvent quality χ. In good solvent, the macromolecules are swollen and the aggregation number here shows number of random contacts between different macromolecules. Weak attractive interactions favor the contacts between attractive B beads but macromolecules are still swollen and number of contact between different macromolecules and so far the aggregation number ⟨M⟩ increases (Figure 2(a) ). Further increase of χ leads to the compaction of macromolecules, formation of dense aggregates and drop of the average aggregation number ⟨M⟩. The change in ⟨M⟩ value could be significant. In case of d = 7, the aggregation number ⟨M⟩ changes from ⟨M⟩ ∼ 25 at χ ∼ 0.5 to ⟨M⟩ ∼ 350 at χ ∼ 1.7 and till ⟨M⟩ ∼ 20 at χ > 2.5.
To calculate the fraction f S of covered surface, we first create the map of surface density ρ s of beads. Towards this end, the grafting surface was divided into sites and the number of monomer beads in each site was calculated. It was proposed that the bead belongs to the given site if XY projection of its center of mass is found to be within this site. The size of site was optimized so that the beads of aggregate body and "legs" could be differentiated.
An example of local density map for χ = 5.7 and d = 7 is presented in Figure 4 . The sites were colored in different colors in accordance with the site density. A color scale is shown as a legend on the right.
In the case shown in Figure 4 , the surface density of legs and the surface density of micelle border are ρ s = 1-2 (shown by yellow and light green). The surface density of aggregates body is mainly within the interval from ρ s = 3 to ρ s = 4 (dark green and light blue). However, within the aggregate body, some fraction of sites have density up to ρ s = 6 (dark blue), and few sites have density as low as ρ s = 1 (yellow) due to the discrete representation of the surface. To differentiate sites with low density belonging to inner parts of micelles from those lying on micelle borders or belonging to "legs," the following adapted technique was used. The sites with density ρ s ≥ 3 are considered as belonging to the micelle body. The sites with density ρ s = 1 or 2 are referred to the micelle body (if at least 5 of 9 adjacent sites have density ρ s ≥ 3), to the micelle border (if from 1 to 4 adjacent sites have density ρ s ≥ 3), or "leg" (if the density in all adjacent sites is lower than 3). The fraction of covered surface, f S , is determined as an area ratio of the micelle body plus border sites and the grafting plane.
The dependences of fraction f S of covered grafting surface on solvent quality χ are shown in Figure 5 . One can see that f S is a non monotonic function: the formation of aggregates first leads to the compaction of macromolecules and increase of empty fields on grafted surface ( f S decreases). Then due to the amphiphilicity of monomer units, the aggregates become thinner and cover larger part of grafted surface (compare Figures 2(c) and 2(d) ).
In poor solvent, the increase of grafting density leads to increase of aggregation number ⟨M⟩ and thus to increase of fraction f S of surface which is covered by aggregates. Similarly to the homogeneous brush, 5 depending on the grafting density 1/d 2 in poor solvent, the macromolecules could form the spherical micelles, the elongated micelles, inverted micelles, and homogeneous layer ( Figure 6 ). One can see that the distribution of micelles over aggregation number M could be rather wide and that the micelles of different shape could coexist. Analysis shows that in all the cases for d 0 = 4.2 < d < 12, the dense parts of aggregates are nothing but a thin A-BB-A bilayer of macromolecules spread close the grafting surface.
The dependences of the average aggregation number Generally speaking, for d > d 0 one can distinguish two types of macromolecules: macromolecules forming legs and so-called spider body macromolecules. In our calculation, we propose that macromolecule belongs to spider body if its grafting point is under the cluster otherwise the macromolecule is partly a "spider leg". Figure 8 shows the dependence of fraction K gr of "spider body" macromolecules on the distance d between grafting points. This dependence is not monotonic: at high values of d (d > 20) macromolecules mainly form separated globules with grafting points under compacted near spherical globule and K gr = 1. At 12 < d < 20, the single macromolecule clusters with K gr = 1 coexist with few macromolecules clusters which have legs and K gr < 1. K gr decreases till K gr = K gr min at d ∼ 12 where the aggregation number of all clusters becomes higher than unity. The further decrease of d leads to the further increase of aggregation number of clusters, expansion of covered surface and growth of K gr . At d ≤ d 0 = 4.2, the total grafting surface is covered by aggregates and K gr become equal to unity K gr = 1. Figure 9 shows the distributions ρ A of A and ρ B of B beads over distance z from grafting surface for different distances d between grafting points at poor solvent with χ = 5.7. The distributions ρ B for side groups B are shown by thin lines, the distributions ρ A for main-chain A groups are drawn by thick lines. The distance z from the grafting surface is normalized by bond length a. The cases of relatively low grafting density d > d 0 = 4.2 are shown in Figure 9 (a), the distributions for densely grafted systems (d < d 0 ) are given in Figure 9 (b). One can see that for d > d 0 , the aggregates are rather thin: the maximum values of z is less than 5a. A and B beads are effectively segregated. The side-chain beads B form inner part of clusters while the main-chain beads A are situated on the both side of BB layer.
At d < d 0 = 4.2, the width of grafted layer, estimated by the maximum value on the z axis, increases visibly with decrease of distance d between grafting points (Figure 9(b) ). The A and B beads are effectively separated in this case as well. In all the cases, there are two maxima on the distribution ρ A (z) nearby the grafting surface and on the distance 4a from it. The distributions ρ B (z) have maximum with double peaks between two maxima on the ρ A (z) plots. Thus, A-BB-A layer nearby the grafting surface in all the cases is formed. One can see that in good solvent, the distributions ρ A (z) of main chain A and ρ B (z) of side B groups coincide and polymer layer is homogeneous with respect to A and B distributions. As solvent quality become poorer, the thickness of layer decreases. Then, A and B beads separate: B beads go to the inner part while A beads cover them from both sides. In poor solvent ( χ > 5), the B beads are densely packed: the distribution ρ B (z) represents the double peaks.
Analysis shows that in case of high density, d < d o , the polymer layers have different thickness in different parts. Figure 11 shows the surface relief of cells for different values of d < d 0 . To construct the surface relief we colored outer beads, i.e., the beads which are on the outer surface of polymer layer, with respect to their distance from the grafting surface. The bright red corresponds to the lowest distance, bright blue corresponds to highest distance and both colors dim up to white color at intermediate distances. In other words, the surface relief allows to estimate the thickness of layer: the thin parts are colored in bright red and the most thick parts of compacted polymer layer are shown by bright blue. One can easily distinguish the regions with different thickness of polymer layer on surface relief (Figure 11 ). Analysis shows that the thickness of red parts is about 4a which corresponds to the thickness of (A-BB-A) bilayer, the thickness of blue parts is twice more and equal to 8a. On dependence of distance d between grafting points the blue, thick, regions of polymer film could look like spherical and prolonged micelles, some sort of lamellae and inversed micelles. In fact, with increase of grafting density, the shape of blue regions is changed somewhat similar to change of shape of micelles formed To understand type of self-assembly in the case of such super dense grafting, it is necessary to made calculations for longer macromolecules. We are going to perform such type of calculations in forthcoming papers.
IV. THE SCALING THEORY
To analyze the reasons for the self-assembly of amphiphilic macromolecules on the grafting surface with the formation of various morphologies, the scaling theory arguments can be used. We consider not very high grafting densities (d ≥ d 0 ), so that the monomer unit bilayer A-BB-A does not cover the plane completely. We analyze the conditions for stability of different micelle shapes ( Figure 13 ): disk-like micelles (a), stripes (elongated micelles or holes of elongated shape in the bilayer) (b), and "inverse" circular micelles (c), in which case the surface is covered by an all-over bilayer with a few circular pores in it.
Let macromolecules consisting of N amphiphilic monomer units are grafted to a plane surface with the distance d between grafting points, so that d 2 is the surface area per macromolecule. The monomer unit volume is equal to 2υ, the statistical segment length between neighboring A groups in the main chain is equal to a. We assume that "bodies" of all micelles constitute a bilayer of constant thickness h. The surface is completely covered by the bilayer, if the distance between grafting points is less than the critical value d 0 ,
where d 2 0 is the surface area covered by one macromolecule completely included into the bilayer.
In the scaling theory, a single energetic parameter ε b is introduced, which denotes the free energy per monomer unit incorporated into the bilayer (ε b < 0). This free energy includes both the conformational energy penalty due to the compact packing of macromolecule in the bilayer and the energy of its interactions with neighboring units, so that ε b is approximately proportional to the characteristic interaction energy of B beads, ε BB . Let M be the aggregation number, i.e., the number of macromolecules per disk-like micelle for the case (a), per part of a stripe of length d for the case (b), and per inverse micelle in the case (c) (Figure 13 ).
The surface area per micelle is M d 2 and the area directly covered by the bilayer is S b < M d 2 ( Figure 13 ). Some macromolecules are fully incorporated into the micelle, their number M b is assumed to be equal to 
Macromolecule parts that do not belong to the bilayer (legs) contain (1 − q)N monomer units and they are stretched with the force f = |ε b |/a. Within the Gaussian chain model, the stretching force can be related to the mean leg size L leg ,
where k B is the Boltzmann constant, T is the thermodynamic temperature. The leg size is averaged over the free surface area at the given micelle size D under the assumption of uniform distribution of grafting points. For disk-like micelles, the integration is performed over the square with side length 
where the area
For "inverse" micelles of the area
For any chosen structure type (a, b, or c), the Eqs. (9)- (14) allow calculating the number of macromolecules M b and the fraction q at the given area per micelle, M d 2 . For quite large distances between grafting points, when disk-like micelles exist but cover only a small fraction of the surface
) 2 . The free energy per micelle consists of the energy of the micelle body, F b , energy of the boundary line, F line , which is analogous to the interfacial free energy for usual bulk micelles, and the conformational energy of stretched legs, F leg ,
The bilayer free energy is proportional to the number of monomer units in a micelle body
The free energy of the boundary line
where the free energy of a monomer unit at the boundary line is assumed to be a half of that for a monomer unit inside the micelle, whereas the number of monomer units at the bilayer boundary is equal to 2L line /l m.u. ; the boundary length per monomer unit l m.u. is related to the monomer volume and bilayer thickness by l m.u. = (4υ/h) 1/2 . For disk-like micelles and "inverse" micelles, L line = πD, where πD
; for stripes, L line = 2d. The free energy of leg stretching
The Eqs. 
respectively, where 2Nυ = hπD In the case M = 2, the center of a disk-like micelle or stripe is situated between two grafting points. The volume of a micelle or considered part of the stripe is equal to 4Nυq 2 = hπD 2 2 /4 and 4Nυq 2 = hD 2 d, respectively, q 2 is the fraction of monomer units incorporated into the bilayer at M = 2, D 2 is the disk-like micelle diameter or stripe thickness. Disk-like micelles can exist (do not merge) if
The free energy of a disk-like micelle F 2(a) and stripe part F 2(a) are equal to
respectively. The opposite case of a small number of legs M − M b corresponds to almost complete coverage of the grafting surface by the bilayer. That case may not be described in terms of the scheme ( (10)- (18)) as well. Let us consider the free energies of stripes and inverse micelles in the limit d → d 0 (disk-like micelles can not provide almost all-over coverage). Since no arms are finally formed, the free energy is the sum of the bilayer term (16) and line term (17) . Then, the minimum of the free energy per macromolecule F min /M = ε b N is identically the same both for inverse micelles and stripes at M → ∞.
For the given micelle type, the minimum of the free energy per macromolecule, F/M, with respect to the aggregation number M corresponds to a set of the equilibrium parameters of micelles. Comparing the free energies per macromolecule F/M (15), F 1 (19) , and F 2 /2 (20) for all considered structures (a, b, and c), the most favorable shape of micelles can be found.
Directly applying the scheme of calculations (10)- (18) at d ≈ d 0 , the formation of extremely wide stripes could be predicted. However, if we assume that the system relaxation takes place at a certain kinetically accessible scale L max , the transition from stripes to inverse micelles appears with increasing the grafting density. Graphs below are plotted under the condition that the size of the region per stripe Md and per inverse micelle The disk-like micelles ("spiders") are formed at low grafting density, stripes (elongated micelles or holes of elongated shape in the bilayer) at moderate grafting density, and inverse micelles are formed for very dense grafting. It is worth to note that the free energies per macromolecule, F/M, for stripes and inverse micelles in the region of inverse micelles in the Figure 14 differ less than by k B T, so that stripes and inverse micelles can coexist in that region. That conclusion is supported by the computer simulation (see Figure 6 for d = 4.6), where the circular and elongated holes are present simultaneously. A transition from stripes to "spiders" with increasing |ε b | (worsening solvent quality, ε b ∼ ε BB ) is also supported by the simulation results: breaking one elongated micelle in the middle of Fig. 2 whereas the corresponding curves in theory have steps at the curves. Those steps between stripes and other structure types are due to the calculation of the number of macromolecules per part of an infinite stripe of length d, whereas the elongated micelles are finite in the computer simulations.
The aggregation number of stripes (the number of macromolecules per part of a stripe of length d) decreases to 2 and then increases at the transition to "spiders". Small steps down to the values M = 1 and 2 for "spiders" and stripes are due to the separate calculations of the free energy at small aggregation numbers (M = 1 and 2).
Let us compare the numerical data for the aggregation number M (Fig. 15(a) ) and the fraction of the covered surface f S (Fig. 16) at N = 32 with those in simulations (Fig. 7) . Note that they are plotted for the energetic parameters ε b in theory and parameter χ in simulations that cannot be related directly. The value χ = 5.7 corresponds visually to quite strong stretching of "spider" legs that cannot be treated in terms of the present theory. The numerical values of the aggregation numbers for "spiders" at |ε b | /kT = 2.5 in Fig. 15(a) are about 1.5 times less that those in computer simulations ( Fig. 7(a) ), compared at the same ratio d/d 0 . Since the aggregation number grows with |ε b | (Fig. 15(a) ), the higher values can be expected for the solvent quality corresponding to χ = 5.7. Hence, we infer that the simulation and theoretical data agree with each other. The difference in the fraction of covered surface is even smaller: f S = 0. aggregation numbers in the scaling model and for the fraction K gr minimum in the computer simulations (Figure 8 ).
Increasing the attraction energy between side groups of the monomer units, i.e., the value of |ε b |, leads to the aggregation number growth; the large steps of the curves for d/a = 4.57 and d/a = 7 correspond to the changes of micelle types. The curve for d/a = 5.5 corresponds to stripes only and that for d/a = 8.5 to "spiders" only.
V. CONCLUSIONS
We have studied the self-organization of grafted layers of macromolecules composed of monomer units each comprising a hydrophobic side-group and a hydrophilic group in the backbone. It was shown that the attractive interaction between side-groups leads to the formation of structured micelles due to the effective separation between hydrophobic and hydrophilic groups. Three different regimes have been distinguished in the dependence on the grafting density. In case of low grafting density d ≥ d 0 ∼ √ N, the micelles are ultrathin, their thickness is about the double size of monomer unit and their shape change with increase of grafting density as single globule-circular micelles-prolonged micellesinverse micelles-homogeneous bilayer. In the interval d
, the micelles are formed above the thin monomer bilayer. With increase of grafting density, the shape of such over-built micelles is changed consequently as circular micelles-lamellas-inverse micelles-double bilayer. At high grafting density with d < d * , the grafted macromolecules form compacted layer without visible parallel to grafting surface segregation of monomers.
Thus, we first have found that the change of solvent quality could lead to transition from swollen polymer brush to ultra-thin film spreading over the grafting surface and having specific layering order. The effects could be observed both in described-above case of amphiphilic monomer units consisting of solvophobic and solvophilic groups and in the case of amphiphilic comb-like copolymers. [51] [52] [53] [54] This fact could be prospective for creation of new types of smart responsive surfaces.
